The infrared sensing method is a powerful tool in the detection of organic species in aqueous solutions because its detection speed can be quite fast and it can also provide abundant chemical information about the examined species. Among the detection of organic species in aqueous solutions, attenuated total reflection (ATR) 1 is most suitable to handle aqueous solutions, because the evanescent wave penetrates into the adjoining medium a short distance and, typically, the depth of penetration (dp) is in the range of a few micrometers. Many successful applications of the ATR-IR method can be found in the literature using bare ATR sensing fibers. 2-6 Although the short dp can limit the absorption of a strong absorber, water, the signals of organic species were also limited. To increase the sensitivity, the principle of solid-phase micro-extraction 7-10 was applied to the ATR-IR sensing method. [11] [12] [13] [14] [15] [16] [17] [18] The sensitivity of the SPME/ATR-IR method was largely enhanced because SPME films exclude water molecules from the evanescent wave and attract organic species into a region near the sensing crystal to enhance the signal. Although this type of method provides a direct way to detect organic compounds in aqueous solution, a tedious optical arrangement and an expansive ATR crystal are required.
Introduction
The infrared sensing method is a powerful tool in the detection of organic species in aqueous solutions because its detection speed can be quite fast and it can also provide abundant chemical information about the examined species. Among the detection of organic species in aqueous solutions, attenuated total reflection (ATR) 1 is most suitable to handle aqueous solutions, because the evanescent wave penetrates into the adjoining medium a short distance and, typically, the depth of penetration (dp) is in the range of a few micrometers. Many successful applications of the ATR-IR method can be found in the literature using bare ATR sensing fibers. [2] [3] [4] [5] [6] Although the short dp can limit the absorption of a strong absorber, water, the signals of organic species were also limited. To increase the sensitivity, the principle of solid-phase micro-extraction [7] [8] [9] [10] was applied to the ATR-IR sensing method. [11] [12] [13] [14] [15] [16] [17] [18] The sensitivity of the SPME/ATR-IR method was largely enhanced because SPME films exclude water molecules from the evanescent wave and attract organic species into a region near the sensing crystal to enhance the signal. Although this type of method provides a direct way to detect organic compounds in aqueous solution, a tedious optical arrangement and an expansive ATR crystal are required.
To eliminate these weaknesses, transmission absorption (TA) infrared spectroscopy has also been applied to detect small amounts of organic compounds in aqueous solutions by combining the principle of SPME to that of the transmission mode. Successful applications can be found in the literature. [19] [20] [21] For example, poly(dimethylsiloxane), 19 parafilm, 20 and perfluoroalkoxy Teflon 21 have been used as the SPME phase to extract organic compounds in aqueous solutions, and be sequentially detected by the TA-IR method. Although this method can eliminate the use of expensive IR windows, problems arise in preparing the standing films, which should exhibit low compactness, high IR radiation transmission, and a small variation after soaking in aqueous solutions. These problems restrict the application of the TA-IR method to detect organic compounds in aqueous solutions, especially in the detection of more polar compounds.
To eliminate both problems associated with the ATR and TA methods, a reflection-absorption mode has also been proposed to detect organic compounds in aqueous solutions. 22, 23 In this method, hollow waveguide samplers are prepared by coating hydrophobic film on the inner surface of hollow IR waveguides. After the aqueous solution passes through this coated waveguide, the organic compounds can be trapped into the SPME layer. The absorbed organic compounds were further sensed by infrared radiation based on the principle of multireflection-absorption. However, the complex production procedures in the formation of a hollow waveguides sampler restricted the spreading of this technique. To further simplify a reflection absorption type of method, a single-reflection method combined with the principle of SPME was proposed in this work. Chlorinated aromatic amines were used as the probe molecules. These compounds are toxic, and are also suspected carcinogenic compounds. 24, 25 Manufacturers that produce dyes, cosmetics, medicines and rubber 26 release these types of materials. The degradation of phenyl and phenylcarbamate pesticides 24, 27 can also release these compounds. Because of their threat to the environment, a fast analytical method is required. Therefore, the purpose of this paper is not only to explore the advantages of the SPME/RA-IR method, but also to provide a fast and simple method for examining aromatic amines. In consideration of the materials used for the SPME phase in chloroaniline attraction, poly(acrylonitrile-cobutadiene) (PAB) was selected because this polymer has been proven to be highly suitable for attracting these types of compounds. 28 
Theoretical Aspects
The partition coefficient in a two-phase system is of greatest concern in SPME, and can be expressed as the ratio of the concentration of a solute in the hydrophobic phase and the concentration in the aqueous phase, as shown by
where K is the partition coefficient, Corg the concentration of analyte in the hydrophobic layer and Caq the concentration of a solute in an aqueous solution. Equation (1) can be expressed as the amount of analytes in each phase,
where n is the number of analyte molecules in the SPME phase, no the number of analyte molecules in the original aqueous solution, Vf the volume of the SPME phase, and Vaq the volume of the aqueous sample. By rearranging Eq. (2), we obtain,
Under the condition that Vaq is much larger than K × Vf, the above equation can be simplified as
where Co is the original concentration of the sample, and is equal to no/Vaq. This equation indicates that under equilibrium conditions, the analytical signals are proportional to the volume of the SPME phase, the partition coefficient, and the original sample concentration. Analyses can also be performed under non-equilibrium conditions. As described by Ai, 32 the number of analytes in the SPME phase under non-equilibrium conditions was described by an exponential function,
where t is the absorption time and parameter a is a measure of how fast an adsorption equilibrium can be reached in the SPME process. This equation can be used to monitor the analytical signals under non-equilibrium conditions. Equation (5) can also be simplified into Eq. (3) for equilibrium conditions (large value of a × t).
Experimental
Materials Polyacrilonitrilbutadiene (PAB) was obtained from Aldrich (Milwaukee, USA) and used as the SPME phase. Seven chlorinated anilines were studied in this work, including 2-
, and aniline. These compounds were of reagent grade and were obtained from Acros (NJ, USA). Acetone was used to dissolve the PAB, and was obtained from Mallinckrodt (KY, USA).
Equipment
A Jasco 420 FT-IR spectrometer equipped with a Deuterated Triglycine Sulfate (DTGS) detector was used to detect the analytes. The spectra were scanned at 4 cm -1 resolution with 52 coadded scans. Stainless-steel plates were used as the reflection substrate because it is relatively chemically inert. Substrates were further coated with a desired thickness of PAB and used as sensing media. After filling a 400 mL sampling bottle with a sample solution, the coated stainless-steel was placed on a wired window stand, arranged as in Fig. 1 . The sample solution was further agitated with a magnetic stirrer. When the sampling time ended, the stainless-steel was removed from the sample bottle and placed on a 45˚ one-reflection optical accessory in the sample compartment for RA measurements.
Coating and detection procedure
The SPME phase was coated onto the stainless-steel plates with 150 µL of a polymer solution. To increase the flatness of the SPME phase, the polymer coating was arranged by placing two glass slides on each side of the substrate to form a cavity for applying the polymer solution. After the polymer solution was placed on the top of the substrate, a sharp-edge glass plate was used to smooth the solution. The coated stainless-steel was air dried for at least 20 min. The IR spectrum of the coated stainless-steel was also examined to ensure that no residual organic solvent (acetone) was present. Polymer solutions were prepared by dissolving PAB with acetone to the desired concentrations. Because the solubility of PAB in acetone is limited up to 4% in wt/vol, only concentrations of 1 to 3% were prepared. To increase the thickness of the PAB coating, the coating procedure was repeated by applying a 3% PAB solution. For example, a 6% PAB coating was obtained by applying a 3% PAB solution twice. A 9% PAB coating was prepared by applying a 3% PAB solution three times.
The probe organic compounds were dissolved in water to form 100-ppm solutions. If a lower concentration was needed, a series of dilutions from a 100-ppm solution was performed. The typically obtained spectra absorbed from a 100-ppm sample 752 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 The volume of the sampling bottle was 450 mL, and it was filled with 400 mL of the sample solution. A magnetic stirrer was used to accelerate the absorption process. Stainless-steel wires were used as an IR window stand.
solution are shown in Fig. 2 . Except for 3,5-DCA, all of the analytes had an absorption band at 1485 cm -1 (labeled with an arrow). Therefore, the peak located at 1485 cm -1 was used as an indication of the amount of analytes absorbed. This peak is responsible for the ring carbon-carbon stretching vibration. 29 This stretching vibration frequency was shifted to 1453 cm -1 for 3,5-DCA. Therefore, a peak located at 1453 cm -1 was used to indicate the absorbed amount of 3,5-DCA.
Results and Discussion
Production of different thicknesses of the SPME phase in the SPME/RA-IR method
The typically 3% PAB spectrum was observed using onereflection absorption optics, as shown at the top of Fig. 3 . As can be seen in this figure, PAB polymer shows a simple IR spectrum and has only a few strong absorption peaks at around 1000, 1400, 2240, and 2900 cm -1 . By plotting the PAB intensity at 2237 cm -1 against the PAB coating solution concentration, the PAB peak intensity increased as the polymer coating concentration increased, as can be seen at the bottom of Fig. 3 . The linear-regression coefficient (R-square) for the curve in Fig. 3 was 0. 9986. The relative standard deviation was around 4% for each thickness of the mentioned coating. This indicated that the reproducibility in obtaining the SPME thickness by the above coating procedure was highly acceptable. Meanwhile, the absorption peak of CN located at 2237 cm -1 had no spectral interference and was highly suitable for monitoring the film thickness of PAB.
Stability of SPME phase in water
Because PAB contains a polar cyano group, water molecules can penetrate into the polymer phase more easily than a nonpolar polymer. Therefore, the coated polymer spectra were measured after soaking in water for a specified amount of time.
The results are shown in Fig. 4 . The relative peak intensities of the CN group, located at 2237 cm -1 , were used as an indication of the variation in the PAB polymer. As can be seen in this figure, the PAB peak intensities obtained by the SPME/RA-IR methods were very stable within a soak time of 60 min.
Absorption-time profiles
To examine the speed of chloroanilines detection using the SPME/RA method, the absorption time profiles were obtained using different PAB coating thicknesses. Figure 5 shows the absorption time profiles for 100 ppm 2,4-DCA using different 753 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 Fig. 2 Typical spectra of 100 ppm chlorinated anilines measured by this method. The spectra were obtained by the absorption of 100 ppm chlorinated anilines for 30 min using a 12% PAB polymer coating. Because the 3,5-DCA has low solubility in aqueous solution, it was measured only 5 ppm. The arrows are used to indicate the peaks used for quantitation. PAB thicknesses. As can be seen in this figure, the times to reach the maximum signals were very short for a PAB thickness of less than 3%, typically within 10 min. For PAB thicker than 6%, the time to reach equilibrium conditions was approximately 60 min. These absorption time profiles were also fitted with a theoretical equation, as shown in Eq. (5); the results are tabulated in Table 1 . By referring to the values tabulated in this table, an increase in the PAB thickness can result in stronger analytical signals (large k values), though the speed for analytes to diffuse into the polymer films decreases (smaller a values). Meanwhile, Eq. (5) can predict the absorption behavior very well, as can be seen in Fig. 5 for the fitted curves. Plotting the PAB thickness (represented by the percentage of PAB solution) against the 2,4-DCA absorption signals at 15, 30, and 60 min, produced the results shown in Fig. 6 . According to Eq. (4), the increase in the volume of the SPME phase can result in an increase in the analytical signals if the absorption system is under an equilibrium situation. Based on the absorption time profiles in Fig. 5 , the IR signals for SPME film thicknesses less than 3%, 6% and 9% were at equilibrium situations for absorption times of 15, 30, and 60 min, respectively. The results shown in Fig. 6 indicate that the IR signals were indeed linearly proportional to the PAB thickness under the equilibrium conditions. This reveals that under the equilibrium conditions (or a sufficiently long), the analytical signals caused by a variation in the PAB thickness can be corrected by the ratio of the analytical signals to the PAB absorption intensities. This is another advantage of the SPME/RA-IR method in detecting organic compounds because both analytical signals and SPME absorption spectra can be obtained in the same experiments.
Linearity and detection limits for chloroanilines
A linear relationship between the obtained signals and the analyte concentrations is required for most analytical measurements. To study the linearity of this proposed method, concentrations of 5, 10, 25, 50, 100, 150, and 200 ppm of 2,4-DCA were prepared. Two polymer coating thicknesses (3% and 6%), were examined for 15 and 30 min absorption time. The obtained IR signals for 2,4-DCA at 15 min (non-equilibrium) of absorption time were examined, and are plotted in Fig. 7 for both 3% and 6% coatings. High linearity in the standard curve was observed for both 3% and 6% of polymer coatings, as can be seen in Table 2 . This again indicated that Eq. (5) is applicable for extraction under non-equilibrium situations. When a short absorption time (i.e. 15 min) was used, the regression coefficients were very similar for different coating thicknesses. However, when 30 min of the absorption time was used, the regression coefficients (R-squares) were greatly decreased, but the regression coefficient for data obtained using a 3% polymer-coated plate was still better than that of a 6% polymer-coated plate, and all the values were still higher than 0.99. The decrease in the regression coefficient may reveal that 754 ANALYTICAL SCIENCES JUNE 2001, VOL. 17
Fig . 5 Absorption time profiles for 100 ppm 2,4-DCA measured by the RA method. Different concentrations of PAB solutions in 1% ( ), 2% ( ), 3% ( ), 6% ( ), 9% ( ), and 12% ( ) were used to coat the reflection elements for sensing. Curves fitted with Eq. (4) were also plotted. Fig. 6 Effect of the thickness of PAB on the absorption of 2,4-DCA (100 ppm). The peak intensity of 2,4-DCA is plotted against the PAB thickness at 15 ( ), 30 ( ), and 60 ( ) min of absorption times. Fig. 7 Linearity of the standard curves using 3% ( ) and 6% ( ) PAB coated reflection elements to absorb different concentrations of 2,4-DCA. The absorption time is 15 min in these plots.
parameter a in Eq. (5) was different for different concentrations. When the concentration range was changed to 5 to 150 ppm, the regression coefficients were increased to values higher than 0.99 for all of the different thicknesses and absorption times. The remaining chloroanilines were further examined for linearity in response. In addition, the detection limits using both methods for these compounds were also examined. Because the RA signals increased as the PAB coating thickness increased, to obtain the maximum IR signals, 12% PAB-coated stainless-steel was used. The results are tabulated in Table 2 for RA methods with 30 min of absorption time. As can be seen in this table, the regression coefficients of the examined compounds were higher than 0.99 when polymer film was prepared by coating with PAB concentrations lower than 6%. For a thick polymer film (12% coating), the regression coefficients were higher than 0.99 only for concentrations below 150 ppm. Based on a three-times of the peak-to-peak noise level and 5-ppm analyte signals at 30 min absorption time, the obtained detection limits can be lower than 100 ppb for most of the chlorinated anilines. Amount the examined compounds, 3,5-DCA showed a lower water solubility than other chloroanilines. This may reveal that 3,5-DCA is more hydrophobic than other compounds. Based on the detection limit of 3,5-DCA, the capabilities for PAB to absorb dichloroanilines were very similar. This revealed that the absorption capability of PAB was not mainly influenced by the hydrophobicity of the analytes. On the other hand, the similar detection limits for the determination of dichloroanilines may indicate that the cyano group in the PAB plays an important role in the absorption of chloroanilines. This is reasonable because a cyano group can easily interact with a polar functional group, such as an amine group. According to the results of the linearity of standard curves and the detection limits for chloroanilines, the method proposed in this work should provide a sensitive way to determine chloroanilines while eliminating all of the problems associated with the ATR and TA methods.
Regeneration of SPME phase
Regeneration was performed to increase the sensing-device employment and to reduce any variation due to the polymercoating process. An analyte-absorbed sensing device was placed into a 2-L glass beaker filled with 1 L of water. A magnetic stirrer running at a speed of 60 rpm was used to increase the regeneration speed. The analyte IR signal was recorded after a certain time (plotted in Fig. 8 ). Within 10 min, the IR signals of 2,4-DCA decreased to less than 20% of the original signal for a 3% PAB coating. For a thicker PAB coating (6%), longer than 30 min was needed to remove all of the analytes from the SPME phase. Using the regenerated PAB-coated stainless-steel to absorb 100 ppm 2,4-DCA, the relative standard deviations for 10 replicated runs were 5.5%, and 5.9% for 3% and 6% PAB coatings, respectively.
Conclusion
A reflection-absorption infrared spectroscopic method combined with the principle of SPME provided a sensitive way to detect chlorinated aromatic amines in aqueous solutions. Because the optical system in the RA method is relatively simple, this method greatly reduces the cost to detect organic compounds in aqueous solution. Meanwhile, the cost to produce an SPME phase-coated stainless-steel plate was also extremely low, which allows mass production of the sensing medium. These advantages can not be found in such methods Table 2 Linear-regression coefficients for five chloroanilines at different concentration ranges (the regression line was forced through the origin)
a. IR signals were obtained by the absorption of 100 ppm sample solutions. b. Detection limits were estimated from 5 ppm of IR signals and based on three times the peak-to-peak noise level. c. Because of low solubility in water, the signal of this compound was only measured at a concentration of 5 ppm. d. Due to the weak signals, the standard curve of aniline was not measured. Fig. 8 Regeneration of the 6% ( ) and 3% ( ) of PAB polymers after the absorption of 100 ppm 2,4-DCA for 60 min.
as the SPME/ATR-IR method. Using this method to detect anilines, the typically obtained linear coefficients were around 0.995 for the concentration range up to 150 ppm, and the detection could be lower than 100 ppb. Because the IR signals were linearly proportional to the film thickness of the hydrophobic, this method can partially eliminate errors caused by any uncertainty of the coating SPME phase. SPME-coated stainless-steel plates can be regenerated within an acceptable time, although the sensing medium can be easily produced.
